Nascent transcripts in Escherichia coli that fail to be simultaneously translated are subject to a factordependent mechanism of termination (also termed a polarity) that involves the proteins Rho and NusG. In this study, we found that overexpression of YdgT suppressed the polarity relief phenotypes and restored the efficiency of termination in rho or nusG mutants. YdgT and Hha belong to the H-NS and StpA family of proteins that repress a large number of genes in Gram-negative bacteria. Variants of H-NS defective in one or the other of its two dimerization domains, but not those defective in DNA binding alone, also conferred a similar suppression phenotype in rho and nusG mutants. YdgT overexpression was associated with derepression of proU, a prototypical H-NS-silenced locus. Polarity relief conferred by rho or nusG was unaffected in a derivative completely deficient for both H-NS and StpA, although the suppression effects of YdgT or the oligomerizationdefective H-NS variants were abolished in this background. Transcription elongation rates in vivo were unaffected in any of the suppressor-bearing strains. Finally, the polarity defects of rho and nusG mutants were exacerbated by Hha and YdgT deficiency. A model is proposed that invokes a novel role for the polymeric architectural scaffold formed on DNA by H-NS and StpA independent of the gene-silencing functions of these nucleoid proteins, in modulating Rho-dependent transcription termination such that interruption of the scaffold (as obtained by expression either of the H-NS oligomerization variants or of YdgT) is associated with improved termination efficiency in the rho and nusG mutants.
Translation is a cotranscriptional process in both eubacteria and archaebacteria (1, 9, 25, 45, 50) , and it has been proposed that such coupling is a defining characteristic of prokaryotic life (34, 64) . The maintenance of transcription-translation coupling in a prokaryotic cell would require dynamic inter-regulation between the binding and progression of a pioneer ribosome on the nascent transcript on the one hand and the rate of transcription elongation on the other (9, 45) ; however, the detailed mechanisms by which such regulation is achieved are not known. Furthermore, in bacteria such as Escherichia coli, nascent transcripts that are not simultaneously translated are subject to a mechanism of factor-dependent transcription termination (also referred to as transcriptional polarity) (reviewed in references 1, 6, 15, 40, 44, 47, and 52) , so that the occurrence of translation-uncoupled transcription is minimized within the cells (11, 43) .
Factor-dependent (also called Rho-dependent) transcription termination is mediated by, among others, the Rho and NusG proteins (1, 6, 15, 39, 40, 44, 47, 52) . Although the structures of the two proteins have been determined and several of their biochemical properties have been characterized, the precise mechanisms of their action in transcription termination remain unclear, even controversial. Rho is an RNAbinding protein and possesses RNA-dependent ATPase activity as well as ATP-dependent 5Ј-3Ј translocase/helicase activity on RNA. Recently, Rho has also been reported to bind RNA polymerase (21) . NusG has two domains that bind Rho and RNA polymerase, respectively (13, 36) . The Rho-binding domain in NusG has also recently been shown to interact with the S10 protein subunit of the ribosome, which has implications for the mechanism by which translation-uncoupled nascent transcripts may be subject to termination of their synthesis (9) . Although null mutations in rho or nusG confer inviability in wild-type E. coli (11) , missense mutations in the two genes are known that confer a transcription termination-defective (that is, polarity relief) phenotype (1, 12, 13, 27, 36) .
In the present study, we found that overexpression of the protein YdgT restores transcriptional polarity in the rho and nusG mutants and, furthermore, that the combination of rho, ydgT, and hha mutations confers extreme sickness in E. coli. YdgT (also called Cnu [30] ) and Hha belong to the H-NS family of proteins (33) , whose prototypic member H-NS participates in both regulation of transcription initiation and nucleoid structure (reviewed in references 16, 20, 23, and 59) . Genetic, biophysical, and structural studies have shown that the 137-amino acid H-NS protein possesses two separate dimerization interfaces, between approximately residues 2 and 47 and residues 58 and 84, respectively, and a third C-terminal DNA-binding domain between residues 92 and 137 (3, 5, 8, 22, 54, 57, 58) . (Amino acid residues in H-NS are numbered here beginning from the N-terminal methionine as 1 [65] , even though this residue is posttranslationally removed from the mature protein.) The presence of the two dimerization interfaces allows H-NS to assemble (either alone or with its paralogous partner StpA [53, 55, 60, 65, 67] ) into a helical polymeric scaffold around which DNA is bound (3, 22) . Binding of H-NS to DNA results in several structural (including supercoiling) alterations that have been variously referred to as bending, bridging, coating, looping, and stiffening of the DNA (16, 20, 23, 32, 39, 61) . YdgT and Hha bear structural resemblance to, and also interact with, the N-terminal oligomerization domains of H-NS and StpA; in this manner, YdgT and Hha are believed to modulate the DNA-binding and nucleoid-organizing properties of H-NS and StpA even though they do not bind DNA by themselves (23, 30, 33, 38, 42, 55) .
Certain mutations in hns had previously also been reported to modulate Rho-dependent transcription termination (27) . In the present study, we found that the expression of H-NS variants defective in one or the other of the oligomerization interfaces, but not in the DNA-binding domain alone, was associated with restoration of transcriptional polarity in rho and nusG mutants. A model is proposed in which it is the architecture of the polymeric scaffold assembly of H-NS and StpA that determines the efficiency of transcription termination in rho and nusG mutant strains.
MATERIALS AND METHODS
Growth media, bacterial strains, and plasmids. The routine defined and rich growth media were, respectively, minimal A medium (supplemented with glucose at 0.2% or other indicated C source and amino acids, as required, at 40 g/ml) and Luria-Bertani (LB) medium (35) . Strains for proU-lac expression measurements were grown in LBON medium (that is, LB with NaCl omitted) (18) . Unless otherwise indicated, the growth temperature was 37°C. Kanamycin (Kan), ampicillin (Amp), and trimethoprim (Tp) were each used at 50 g/ml, and tetracycline (Tet) and chloramphenicol (Cm) were each used at 15 g/ml. IPTG (isopropyl-␤-D-thiogalactopyranoside) was used at 0.5 mM.
The E. coli K-12 strains used in the study are described in Table 1 (27) and carries the rho ϩ gene on a replicon that is IPTG dependent for replication (K. Anupama, unpublished data). Plasmid pHYD2509 was obtained by subcloning an EcoRI fragment encoding H-NS⌬64 (genomic coordinates from bp 1291698 to 1292238 [48] ) from the corresponding pLG plasmid of Williams et al. (65) into the EcoRI site of pWSK30. The gene encoding YdgT (with its native ribosome-binding site) was PCR amplified from the chromosomal ydgT locus with the pair of primers 5Ј-CCCTTTGGTATGAATTCTTTTATGGACCT-3Ј and 5Ј-ATAACCGATCG AAGCTTTCTTTATTGGACA-3Ј (the EcoRI and HindIII sites, respectively, are italicized in the two primer sequences) and cloned as a 239-bp fragment (genomic nucleotide coordinates 1702957 to 1703190 [48] ) into the EcoRIHindIII sites of pBAD18 and pTrc99A to generate plasmids pHYD2525 and pHYD2528, respectively. In an identical fashion, a derivative of pTrc99A was constructed that carries a 223-bp gene fragment designed to encode H-NS⌬64 (genomic nucleotide coordinates 1291956 to 1292172 [48] ), following PCR amplification from the chromosomal hns locus with the primers 5Ј-TATTACCTC AAGAATTCACCCCAATATAAG-3Ј and 5Ј-TACCGTCAGCGAAAGCTTAT TCGCGATATTG-3Ј, to generate plasmid pHYD2526. The presence of the underlined TTA sequence in the last primer resulted in insertion of a TAA nonsense mutation immediately after codon 63 of the truncated hns gene in the cloned PCR amplicon. For convenience, the variant encoded by this construct is also referred to as H-NS⌬64, since its properties were identical to that encoded by the 1-bp deletion allele of Williams et al. (65) described above. All plasmid inserts obtained after PCR amplification were validated by DNA sequencing.
The plasmids bearing ydgT that were identified from the E. coli genomic library in pACYC184 are described in Fig. 1 .
Screening for rho and nusG phenotypes. Relief of transcriptional polarity associated with the rho-4 [interchangeably referred to also as rho(A243E) (27) ] and the nusG(G146D) mutations was scored in three ways: the ability of a trpE9777 (Frameshift) mutant to utilize anthranilate (Anth) at 20 g/ml as a substitute for tryptophan (Trp) for meeting its auxotrophic requirement; the (27) and RS353 and RS445 (12) . Strain GJ5147 is an Ilv ϩ derivative of GJ3073 (12) . Strains GJ6504, GJ6509, and GJ6511 were constructed by S. Aisha (unpublished data). All other strains were constructed in this study.
b Genotype designations are as described previously (7) . All strains are F Ϫ . References or sources for the mutations that were introduced by transduction into the strains are as follows: rho(A243E) (interchangeably also designated as rho-4) and nusG(G146D) (27) ; hns-1001::Kan (Tn5seq1 insertion in codon 20 of hns) (28) ; and hns-205::Tn10 (Tn10 insertion in codon 92 of hns) (19) . The ⌬pcnB, ⌬stpA, ⌬hha, and ⌬ydgT mutations were introduced as Kan r deletioninsertion mutations from the Keio knockout collection (4) and, where necessary, the Kan r marker was then excised by site-specific recombination with the aid of plasmid pCP20, as described previously (17 (12, 13) . In the first two assays, cultures were either spotted at serial dilutions, or plated to observe growth of single colonies, on the indicated media. Another phenotype of rho and nusG mutants used in the present study was that of lethality after 24 to 40 h of transformation with plasmid pACYC184, which has been attributed to increased occurrence of chromosomal R-loops and consequential over-replication of the plasmid in the mutants (25, 27) .
Immunoblot analysis of in vivo Rho and NusG levels. Cells from cultures grown to mid-log phase were washed once in phosphate-buffered saline, and cell extracts were prepared by sonication. Procedures for protein estimation, electrophoresis through sodium dodecyl sulfate-polyacrylamide gels (10% for Rho, 15% for NusG), electroblotting to a polyvinylidene difluoride membrane, Ponceau-S staining, and reactions with primary and secondary antibodies were essentially as described previously (49) . Primary anti-Rho and anti-NusG antibodies (mouse, polyclonal) for the detection of Rho and NusG levels, respectively, were kindly provided by Ranjan Sen. Binding of secondary anti-mouse IgG antibody (goat, peroxidase-conjugated) was visualized with the aid of a chemiluminescence detection system according to the manufacturer's protocol (Sigma Chemical Co., St. Louis, MO). Ponceau-S staining of the membrane after electroblotting was used to control for differences if any across lanes in protein loading and blotting efficiency.
Other methods. Procedures for P1 transduction (35) , in vitro DNA manipulations and transformation (49) , and ␤-galactosidase assays (35) were as described previously. In vivo transcription elongation rate measurements at lacZ were performed as described by Jin et al. (29) . Junction sequences in clones of the genomic library in pACYC184 were determined with the aid of a pair of vector-based tet primers: 5Ј-CGCCGAAACAAGCGCTCATGAGCC-3Ј and 5Ј-CTATGCGCACCCGTTCTCGGAGCAC-3Ј.
RESULTS
Identification of ydgT as multicopy suppressor of rho and nusG. It has been reported earlier that transcription termination-defective rho and nusG mutants are killed upon transformation with certain plasmids of the ColE1 family, such as pACYC184 or pUC19, because of plasmid over-replication (27) . In order to obtain multicopy suppressors of rho and nusG, an E. coli genomic library in plasmid pACYC184 was introduced into the strains GJ6509 (rho) and GJ6511 (nusG). The vast majority of the transformant colonies were inviable after 40 h of incubation, and the few survivor transformants were then tested for transcriptional polarity relief at lacZ and trpE loci carrying, respectively, premature nonsense and frameshift mutations. At least five independent plasmid clones were identified that were both nonlethal (despite being pACYC184 derivatives) and able to confer suppression of transcriptional polarity relief at lacZ and trpE in the rho and nusG backgrounds; junction-sequencing data revealed that all of them carried varying extents of the ydgTKLMN operon ( Fig. 1) . One representative plasmid from this experiment pHYD2546 (with a 2.7-kb insert) was shown also to suppress transcriptional polarity relief at the t R1 terminator of lambdoid phage H19B in both rho and nusG mutants from ca. 35% to ca. 15%, similar to that obtained upon expression of the H-NS variant ⌬64 ( Table 2) .
As stated above, it is known that certain hns mutations are (48), and each of the lines aligned beneath the map represents the extent of chromosomal DNA cloned into a plasmid whose numerical designation is indicated alongside. Nucleotide coordinates (48) marked both on the map and for the ends of the inserts refer to the 1,700-kb region of the E. coli genome (that is, 2603 represents genomic coordinate 1702603, and so on). a The specific activities of ␤-galactosidase were determined after growth in LB medium of wild-type, rho, and nusG strains without (-t R1 ͓A͔) or with (ϩt R1 ͓B͔) the phage t R1 terminator upstream of the lacZ reporter gene and carrying the plasmids as indicated. The strains were, respectively, as follows: RS445, GJ10570, and GJ10571 (-t R1 ) and GJ5147, GJ5146, and GJ5153 (ϩt R1 ). The B/A ratios given in the table are a measure of transcriptional readthrough or polarity relief at the t R1 terminator.
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on September 22, 2017 by guest http://jb.asm.org/ suppressors of rho and nusG (27) and, since YdgT is an interacting partner of H-NS (30, 33, 42) , we tested whether it is the presence of YdgT in the plasmid derivatives that was responsible for the suppression phenotype. The minimal ydgT construct, as well as the gene fragment encoding H-NS⌬64 as a positive control, was cloned downstream of the IPTG-inducible trc promoter in the ColE1-plasmid vector pTrc99A. The vector by itself conferred lethality in rho or nusG strains but not in their pcnB derivatives (consistent with the earlier finding that plasmid copy number reduction mediated by pcnB mutation suppresses ColE1 plasmid lethality in rho and nusG mutants [27] ). On the other hand, the plasmids expressing H-NS⌬64 (pHYD2526) or YdgT (pHYD2528) were viable in both pcnB ϩ and ⌬pcnB derivatives of the rho and nusG strains (data not shown), and their presence was also associated with suppression of transcriptional polarity relief (see Fig. 2 for data on rho suppression). Similar results were obtained with plasmid pHYD2525 carrying the minimal ydgT construct downstream of P ara, with the difference that the phenotypes elicited here were inducer (0.2% Ara) dependent (data not shown). These data indicate that YdgT overexpression is correlated with restoration of the efficiency of Rho-dependent termination in rho and nusG mutants.
The data in Table 2 for lac fusion strains with or without the phage t R1 terminator also showed that, unlike the situation with H-NS⌬64, YdgT overexpression is associated with a general 2-fold reduction in ␤-galactosidase levels even in derivatives without the t R1 terminator. However, the explanation for this is at present not known.
We also attempted to test whether overexpression of Hha, the functionally related YdgT paralog (33) , affects Rho-dependent termination. These experiments were undertaken with both pTrc99A-and pBAD18-derived plasmids carrying hha downstream of the P trc and P ara promoters, respectively, but they were inconclusive because Hha overexpression was toxic even in the wild-type strain (data not shown), as reported earlier (24) . This toxicity was not alleviated by coexpression of the gene tomB upstream of hha in the same operon (data not shown), which has been claimed to be an antidote to Hha's toxicity (24) .
H-NS perturbations affecting Rho-dependent termination.
It had been demonstrated earlier that certain mutations in hns, but not ⌬hns itself, suppress rho-and nusG-associated phenotypes (27) , and this phenomenon was examined in detail in the present study. Genetic suppression was tested as a reversal of the phenotype of transcriptional polarity relief at the trpE9777 locus, as well as that of lethality with plasmid pACYC184, as described above.
Williams et al. (65) have described a set of dominant-negative variants of H-NS and, when several of these were tested, ⌬64 was able to suppress the Anth ϩ phenotype conferred by the rho mutation in the trpE (Frameshift) derivative nearly completely and two others (L26P and E53G/T55P) to a smaller extent, whereas three more (Y97C, P116S, and I119T) were largely ineffective for suppression (Fig. 3 ). An H-NS variant truncated after amino acid residue 91 (⌬92) is also known to be dominant negative (57, 58) , and we found that the chromosomal hns-205::Tn10 allele which encodes a ⌬93 variant (19) was ineffective for rho suppression at trpE9777, as also was the null allele of hns itself (hns-1001) (Fig. 3) . This dichotomy in the ability of the different hns mutations to suppress transcriptional polarity relief in the rho and nusG mutant was recapitulated also for suppression of lethality with plasmid pACYC184 in both rho and nusG derivatives (viable with ⌬64, L26P, and E53G/T55P; inviable with ⌬93, Y97C, P116S, I119T, and hns-1001) ( Table 3) .
Derepression of proU-lac with H-NS and YdgT perturbations. H-NS is best known for its ability to repress or silence the expression of a large number of genes in E. coli and other enterobacteria by acting at the level of transcription initiation of these genes. This function of H-NS is dependent on its ability to bind DNA and to oligomerize, leading to the bridging together of otherwise distant DNA segments on the chromosome (reviewed in references 20, 23, 39, and 55). The osmotically regulated proU operon in E. coli is a prototypical example of an H-NS-regulated locus (46, 57, 58, 65) , and we measured expression of a proU-lac transcriptional fusion in the various (rho ϩ nusG ϩ ) derivatives perturbed for H-NS or YdgT.
In conformity with data from earlier studies (18, 46, 57, 58, 65) , proU transcription was very low upon growth of the hns ϩ strain in a low-osmolarity medium, whereas it was derepressed approximately 5-to 10-fold in the merodiploid (with chromosomal hns ϩ ) strains carrying any of the plasmid-borne dominant-negative hns mutations of Williams et al. (65) and 35-to 70-fold in the haploid hns mutants hns-1001 (null) or hns-205::Tn10 (encoding H-NS⌬93) (Table 3) . Therefore, these results confirmed that, although the H-NS variants fall into two categories with respect to their ability to suppress rho and nusG, all of them are defective for silencing of proU expression to equivalent extents.
As with the hns mutations, we found YdgT overexpression also to be associated with pronounced derepression of proU-lac expression at low osmolarity. Thus, in derivatives of a proU-lac strain (RS353/pHYD272) bearing plasmids pHYD2525 (P araydgT) or pHYD2528 (P trc -ydgT) grown in LBON medium with inducer supplementation (L-arabinose at 0.2% or IPTG, as appropriate), the ␤-galactosidase specific activities were 17 Ϯ 4 U and 64 Ϯ 11 U, respectively, compared to control values of approximately 5 Ϯ 0 U and 8 Ϯ 1 U in the corresponding 
Chromosomal requirements for rho and nusG suppression by H-NS variants or YdgT overexpression.
We then determined whether the suppressor effects of the H-NS variants and of YdgT were dependent on the functional state of the chromosomal hns, stpA, hha, and ydgT loci. The rho and nusG derivatives of an hns-1001 ⌬stpA strain continued to exhibit transcriptional polarity relief (see Fig. 4 for nusG) but, inter- 
28 Ϯ 0 I I a Strains for different H-NS variants employed were (in order, wild-type, rho, and nusG backgrounds): ϩ (RS353, GJ6509, and GJ6511); null, that is, hns-1001 (GJ10743, GJ10606, and GJ10607); and ⌬93, that is, hns205::Tn10 (GJ10742, GJ10740, and GJ10741). In merodiploid derivatives, the dominant-negative H-NS variants were expressed from the corresponding pLG-plasmids.
b Values are presented as the specific activities of ␤-galactosidase in derivatives of the indicated wild-type strains carrying the proU-lac plasmid pHYD272 after growth in LBON medium.
c Phenotypes of viability (V) or inviability (I) were scored at 40 h after transformation of the rho and nusG derivatives with pACYC184.
FIG. 4. Chromosomal mutations that affect suppression by
H-NS⌬64 of transcriptional polarity relief in nusG mutant. The nusG strains GJ6511 (hns ϩ ), GJ10607 (hns-1001, marked hns in the figure), GJ7438 (stpA), GJ10646 (hha), GJ10649 (ydgT), GJ10664 (hns stpA), and GJ10676 (hha ydgT), as well as their derivatives carrying pHYD2509 that expresses H-NS⌬64, were plated at a suitable dilution on a pair of glucose-minimal A plates supplemented with 19 amino acids (excluding Trp) and Trp or Anth, as indicated. Also marked are the phenotypes of viability (V) or inviability (I) of the derivatives at 40 h after transformation with pACYC184.
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on September 22, 2017 by guest http://jb.asm.org/ estingly, the ability of H-NS⌬64 to suppress both polarity relief and lethality with pACYC184 was abolished in these derivatives (but not in the hns or stpA single mutants) (Fig. 4) . The plasmid derivative of pACYC184 carrying YdgT (pHYD2546) also conferred lethality in these strains (data not shown), suggesting that neither the H-NS variants nor YdgT can suppress the rho and nusG phenotypes in strains that are simultaneously deficient for wild-type H-NS and StpA. Concomitantly, the polarity relief phenotypes associated with rho or nusG were accentuated by chromosomal deletions of hha and ydgT, as described below. In the nusG strain, polarity relief (at the phage t R1 terminator) was unaffected by either of the single perturbations ⌬hha or ⌬ydgT, whereas the simultaneous deletion of both conferred enhanced polarity relief (from 30 to 46%) ( Table 4) ; this was also correlated with the loss of suppression by H-NS⌬64 (Fig. 4) or L26P (data not shown) of both polarity relief (at the trpE [Fr] locus) and pACYC184 lethality in the nusG ⌬hha ⌬ydgT strain, presumably because of the increased basal level of termination deficiency in the mutant.
Likewise in the rho strain, the introduction of either a ⌬hha or a ⌬ydgT single mutation was associated with increased polarity relief at the t R1 terminator, from 20% to ca. 48%; furthermore, the rho ⌬hha ⌬ydgT triple mutant was severely inhibited for growth (Fig. 5) . On the other hand, the rho hns ⌬stpA combination was not less healthy than hns ⌬stpA itself (Fig. 5) .
H-NS and YdgT perturbations do not increase endogenous levels of Rho and NusG. The results above led us to consider the possibility that the H-NS variants and YdgT overexpression act indirectly, by increasing the expression of Rho or NusG, to restore the efficiency of transcription termination in the rho and nusG mutants. However, in Western blot experiments with anti-Rho and anti-NusG antibodies, we detected no increase in cytoplasmic levels of Rho or NusG in strains (either hns ϩ or null hns on the chromosome) exhibiting suppression of polarity relief on account of expression of H-NS⌬64 or increased YdgT (Fig. 6) . Indeed, the opposite effect was observed, whereby the increased levels of Rho that were detected in the rho and nusG mutants were partially reversed upon H-NS⌬64 or YdgT expression (Fig. 6A, compare lanes 5 and 8 to lanes 2 and 3) ; since it is known that Rho is autoregulated (31), these results provide yet another line of evidence that H-NS⌬64 and YdgT increase the efficiency of Rho-dependent termination in the mutants.
H-NS and YdgT perturbations do not affect the transcription elongation rate in vivo. According to the kinetic coupling model (29) , inefficient Rho-dependent termination associated with a rho mutation can be rendered more efficient by slowing the rate of transcription elongation. We therefore considered the possibility that the H-NS variants and overexpressed YdgT act to reduce transcription elongation rates in vivo, and thus serve to restore the transcription termination efficiency in rho and nusG strains.
We measured the in vivo rates of transcription elongation at the wild-type lacZ locus of different strains after IPTG addition, as described previously (10, 29) . The results are depicted in Fig. 7 , wherein the time point of inflection in each induction curve is an inverse measure of the transcription elongation rate. The data indicate that in comparison with the wild-type strains, the rho and nusG mutants are unaltered for the rate of transcription elongation (Fig. 7A ) and, furthermore, that neither H-NS⌬64 (Fig. 7A ) nor YdgT overexpression (Fig. 7B ) has any effect in this regard. YdgT overexpression was as- The specific activities of ␤-galactosidase were determined (after growth in LB medium) for various pairs of strains without (-t R1 ͓A͔) or with (ϩt R1 ͓A͔) the phage t R1 terminator upstream of the lacZ reporter gene. The B/A ratios (%) given in the table are a measure of the transcriptional readthrough or polarity relief at the t R1 terminator. The strain pairs (-t R1 /ϩt R1 ) used were as follows (in order, wild type, rho, and nusG): hha ϩ ydgT ϩ , RS445/GJ5147, GJ10570/GJ5146, and GJ10571/GJ5153; ⌬hha ydgT ϩ , GJ10765/GJ10764, GJ10781/GJ10785, and GJ10767/GJ10766; hha ϩ ⌬ydgT, GJ10787/GJ10786, GJ10783/GJ10788, and GJ10784/GJ10782; and ⌬hha ⌬ydgT (wild-type and nusG pairs only), GJ10790/GJ10789 and GJ10791/GJ10792. ND, not determined because of severe growth inhibition associated with rho ⌬hha ⌬ydgT. See the text for details.
FIG. 5. Synthetic sickness of rho-4 hha ydgT mutant. All strains bear the chromosomal rho-4 mutation and plasmid pHYD1622 (IPTGdependent replicon with rho ϩ ), so that the plasmid is retained only in growth medium supplemented with IPTG. The pHYD1622-bearing derivatives of strains GJ10606 (hns-1001, marked hns in the figure), GJ10663 (hns stpA), and GJ10752 (hha ydgT) were plated at a suitable dilution on a pair of LB plates without or with IPTG supplementation as marked and then incubated for 16 h (hns and hha ydgT) or 30 h (hns stpA).
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DISCUSSION
In this study, we identified several perturbations involving the H-NS family of proteins that affect Rho-dependent transcription termination in E. coli. Thus, expression of any one of several dominant-negative variants of H-NS, including ⌬64, L26P, and E53G/T55P, restores the efficiency of transcription termination (that is, suppresses polarity relief) in rho and nusG strains, as does overexpression of YdgT. As reported in an accompanying study (51) , a nusA mutation associated with defective Rho-dependent termination is also suppressed by H-NS⌬64 and YdgT. These effects are manifest in strains that express wild-type H-NS, StpA or both proteins but not in strains that are simultaneously deficient for H-NS and StpA.
The polarity defects associated with the rho and nusG mutations are rendered more severe in ⌬hha and ⌬ydgT derivatives.
The ability of H-NS to influence nucleoid structure and gene expression at the level of transcription initiation has been variously attributed to its different yet inter-related mechanistic properties, including those of high-affinity and low-affinity DNA binding, assembly into a polymeric scaffold, and induction of alterations in DNA architecture such as bending, bridging, stiffening, coating, looping, and supercoiling (16, 20, 23, 32, 39, 61) . H-NS has also been implicated in direct RNA binding and translational regulation (41) .
Earlier work on dominant-negative H-NS variants has permitted their classification into two categories (5, 58), namely, those that are defective for DNA binding (e.g., ⌬64, ⌬92, Y97C, P116S, and I119T) and others that are proficient for DNA binding but defective for higher-order oligomerization on DNA (e.g., L26P and E53G/T55P). Both categories of mutations are capable of subunit poisoning of wild-type H-NS to elicit the derepression of H-NS-silenced genes such as proU. On the other hand, in the present study, suppression of polarity relief in rho and nusG mutants was observed with only the second category of dominant-negative mutants and with a limited subset of the first (⌬64). Furthermore, complete deficiency of H-NS, or even that of H-NS and StpA combined, did not confer suppression of polarity relief. These results indicate that the effect of hns mutations on modulation of Rho-dependent termination is not completely correlated with that on transcription initiation or gene silencing. A search for genetic suppressors of the effects of H-NS on Rho-dependent termination, as reported in an accompanying study (51) , also did not identify any H-NS-repressed gene as being responsible for such modulation. An alternative model is accordingly proposed below.
Modulation of Rho-dependent termination by H-NS: a model. Recent studies have established that H-NS is assembled as a polymeric superhelical scaffold (around which DNA is wrapped) through two oligomerization motifs that are referred to as site 1 and site 2 interfaces, respectively (3, 5, 8, 22, 54, 57, 58) . The former involves the N-terminal domain of H-NS (residue 2 to approximately residue 47) and the latter the intermediate or linker domain (residues 58 to 84), and polymerization is achieved by the alternation of site 1-site 1 (headto-head) and site 2-site 2 (tail-to-tail) interactions between the adjacent protomers in the scaffold (Fig. 8A) . Evidence from earlier studies would suggest that the H-NS variant L26P is defective for the former interface (Fig. 8D) , while the ⌬64 variant is defective for the latter (Fig. 8B) . Furthermore, that the other dominant-negative H-NS variants, such as ⌬93, Y97C, P116S, and I119T, which are unaffected for transcriptional polarity relief, are proficient for oligomerization through both interfaces (Fig. 8E and F) (3, 5, 8, 22, 54, 57) .
We therefore propose that it is the interruption of the linear polymeric scaffold of H-NS and StpA, caused by the recruitment of protomers of ⌬64 or L26P into the scaffold, that is specifically required in cis for suppression of transcriptional polarity relief in the rho and nusG mutants, as depicted schematically in Fig. 8B and D, respectively. Modifications of H-NS that interfere with just its DNA-binding properties without affecting scaffold assembly (as shown in Fig. 8E for ⌬93 and Fig. 8F for Y97C, P116S, or I119T) would not alter the polarity relief phenotypes of rho and nusG mutants, and it must be FIG. 6 . Immunoblot analysis for intracellular Rho (A) and NusG (B) levels. Strains used were: GJ6504 (wild-type, WT), GJ6509 (rho), GJ6511 (nusG), GJ10606 (rho hns), GJ10607 (nusG hns), and their derivatives transformed with pHYD2509 (H-NS⌬64) or pHYD2528 (YdgT). Derivatives with pHYD2528 were grown in IPTG-supplemented medium. All lanes in panel A are from a single gel, as are those in panel B. For each blot, the upper and lower panels show, respectively, the region of specific immunoreactivity with the cognate antibody and a representative slice of the Ponceau-S-stained blot as a loading and transfer control. Lanes marked P in gels A and B represent, respectively, overexpressed Rho and purified NusG proteins (provided by Ranjan Sen), and arrowheads identify the specific immunoreactive band for each antibody.
noted here that the recent crystal and solution structure studies (3) indicate that the potential for self-association of H-NS to form the superhelical scaffold exists even in the absence of DNA. We suggest that the E53G/T55P variant of H-NS, which is a suppressor of rho and nusG, is also affected for one of its two dimerization interfaces, but whether it is site 1 or site 2 which is rendered defective remains to be determined. Our model would also explain an earlier finding that the H-NS variant E74K suppresses the rho and nusG phenotypes (27) , since this variant is expected to be defective for dimerization through the site 2 interface.
Further according to this model, overexpressed YdgT would behave like H-NS⌬64 in serving to interrupt the polymeric scaffold structure by interacting with the N-terminal domain of H-NS, as shown in Fig. 8C . YdgT overexpression was associated also with derepressed proU expression, suggesting that proper architecture of the polymer scaffold constituted by the H-NS family of proteins is necessary, but by itself not sufficient, for the gene silencing function (that is, gene regulation could still be defective despite the existence of a proper architecture as, for example, in the case of H-NS variants with substitutions in the DNA-binding domain). A recent report has also implicated H-NS binding in the polymerization or stiffening mode (as opposed to the bridging mode) in silencing of gene expression (61) .
The model as proposed establishes a new role for the polymer scaffold of H-NS that is unrelated to the protein's function in silencing of gene expression. The mechanism by which the architecture of the H-NS scaffold affects the process of Rhodependent termination is not clear. In the kinetic coupling model of Rho action (29) , an inefficient Rho can be rendered more effective by slowing the rate of transcription elongation; however, the validity of this model, at least in its simple formulation (29) , has recently been questioned since an RNA polymerase mutant with increased elongation rate also exhibited enhanced Rho-dependent termination (21) . Moreover, our data reveal no change in RNA polymerase elongation rates in vivo in the rho and nusG strains without or with H-NS⌬64 or overexpressed YdgT, at least on the lacZ gene. An alternative possibility is that the nature of the H-NS scaffold influences properties of the transcription elongation complex, such as its stability, pausing behavior, or proneness to backtracking and inactivation (6, 40, 44, 47) , and its consequent susceptibility to the process of Rho-dependent termination.
We also found that a deficiency of Hha and YdgT exacerbates the polarity relief phenotypes of rho and nusG mutants, and indeed that the rho(A243E) ⌬hha ⌬ydgT combination is profoundly growth inhibited. These results suggest that alterations to the H-NS scaffold sculpted even by the native levels of Hha and YdgT are critically important to maintain the residual efficiency of transcription termination needed for robust growth of the rho mutant.
Upon testing the single gene knockout collection of E. coli (4) for tolerance to different antibiotics, Miller and coworkers found that the ⌬hns strain is sensitive to the Rho inhibitor bicyclomycin (56) . The relevance of this observation to our model remains to be determined, particularly in light of their earlier findings that the ⌬hns mutant is also sensitive to a variety of other antibiotics, including tetracycline, erythromycin, chloramphenicol, spectinomycin, and rifampin (32) .
Finally, how would our model account for the observation that polarity relief conferred by rho or nusG mutations is unaltered in the hns::Kan ⌬stpA strain, that is, in the complete absence of H-NS and StpA? One possibility is that under these conditions the chromatin architecture is shaped by other proteins such as HU and IHF (16, 20) that do not modulate Rho-dependent termination in the manner that H-NS does.
As expected from the model, nevertheless, expression of FIG. 7 . Transcription elongation rate measurements at lacZ locus in vivo. ␤-Galactosidase specific activities were determined at various times after addition of IPTG to each culture grown in 0.4% glycerol-minimal A medium supplemented with Casamino Acids at 0.5% (and additionally 0.2% Ara in the case of strains in panel B), and the inflection point was identified on a curve plotting square root of enzyme specific activity against time, as described previously (10, 29) . The strains used were follows: derivatives of MG1655 (wild type, squares), GJ3171 (rho, triangles), and GJ10729 (nusG, circles) transformed with either the vector pLG339 (open symbols) or its derivative expressing H-NS⌬64 (solid symbols) (A) and MG1655 (wild-type) with either pBAD18 (vector, Ⅺ) or pHYD2525 (YdgT, f), and GJ3171 (rho) with pHYD2525 (YdgT, OE) (B). Assays for all strains depicted in a single panel were performed together.
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on September 22, 2017 by guest http://jb.asm.org/ H-NS⌬64 did not suppress polarity relief in strains with combined deficiency of H-NS and StpA. H-NS, Rho, and xenogeneic silencing. Our present results, taken together with recent work from other groups, point to an interesting interplay between H-NS and Rho in the silencing of horizontally acquired or foreign genes (such as those in prophages or pathogenicity islands) in Gram-negative bacteria. H-NS participates in such xenogeneic silencing, and several phages and pathogenicity islands encode proteins that can substitute for, modulate, or even antagonize, H-NS function (reviewed in references 37 and 55). In particular, H-NST is a naturally occurring truncation variant of H-NS whose structure is remarkably similar to H-NS⌬64 (66) . Adding to the system's complexity, H-NS also represses the CRISPR mechanism of host immunity against invading phages and plasmids (63) .
Intriguingly, Rho-dependent transcription termination is also implicated in promotion of xenogeneic silencing (11) , and our results suggest that downregulation of H-NS activity, for example, by a protein such as H-NST, may concomitantly lead to an increased efficiency of Rho-dependent termination. This interplay may therefore be a manifestation of the selection pressures that have acted on hosts and their parasites during the course of biological evolution. 
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